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Abstract 
The amine-based post-combustion capture (PCC) of CO2 is an option being considered for the reduction 
of anthropogenic CO2 emissions. PCC plants will be attached or retro-fitted to fossil-fuel fired power 
generating infrastructure (i.e. large stationary point sources) during the transition to renewable energy, 
which is expected to take place over several decades. Despite being an established technology widely 
used to remove CO2 from small scale-commercial process such as natural gas sweetening, there are many 
challenges that must be overcome before large scale implementation of the process can be realised. Some 
of these challenges include: 
 
 
 
tion in the presence of O2 and other flue gas contaminants, such as 
NOx and SOx, 
and 
degradation products to be released into the environment through off-gases, leaks or spills, and 
any associated impact this might have. 
 
Several recent research articles1-3 have highlighted the propensity of amine-based solvents to undergo 
certain chemical transformations, both in the condensed and aqueous phases, which produce harmful 
materials such as nitrosamines and nitramines. The formation and emission of nitrosated amines from the 
PCC process has not been fully investigated, although it is now the focus of some research agencies in 
Europe and Australasia.   Nitrosamine formation mechanisms are presented in relation to the post-
combustion capture of CO2 with aqueous amine solvents. The relative merits of nitrosamine mitigation 
strategies are also discussed. In particular the susceptibility of several nitrosamines to UV destruction is 
explored; the results are compared with TD-DFT results which predict excitation energies with good 
accuracy. The rate of destruction versus UV wavelength is also discussed, with a view to understanding 
which electronic transition facilitates decomposition 
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Introduction 
The amine-based post-combustion capture of CO2 (PCC) is an option being considered for the 
reduction of anthropogenic greenhouse gas emissions. PCC plants will be attached or retro-fitted to new 
or existing fossil-fuel fired power generating infrastructure (i.e. large stationary point sources) during the 
transition to renewable energy, which is expected to take place over several decades. Despite being an 
established technology for the removal of CO2 from small scale-commercial processes, there are many 
challenges that must be overcome before implementation at the scale needed for CO2 mitigation can be 
realised. Some of these challenges include: 
 
 Reducing plant capital costs  
 Reducing the energy required for solvent regeneration/release of captured CO2 
 Reducing solvent degradation in the presence of O2 and other flue gas contaminants, and  
 Reducing and understanding the environmental impact of the technology  
 
 
This article focuses on strategies for the mitigation of nitrosamines, in particular photolysis using UV 
radiation. 
During routine PCC plant operations, unspecified amounts of solvent and solvent degradation 
products will be released into the environment through off-gases, leaks or spills. Precise analytical 
methods will be needed to monitor solvent degradation during operations, not only for monitoring solvent 
capture performance, but also to identify and/or quantify chemicals which could ultimately enter the 
environment. Even for a simple organic molecule such as 2-aminoethanol (MEA), degradation leads to a 
complex spectrum of process by-products (see Figure 1). The nature and the rate at which the products 
are generated will depend on the composition of the CO2-containing gas stream being scrubbed, certain 
process variables (e.g. stripping temperatures), and the amount of trace metals and other particulates 
contained in the solvent. An array of analytical techniques is often used to glean as much information as 
possible about the process by-products, but because of various constraints (time, costs, instrument access, 
analyte hydrophobicity versus hydrophilicity etc.), an incomplete picture of the true extent of degradation 
usually has to suffice. For any or all of these reasons, the detection of nitrosamines within PCC solvents is 
a relatively new development in this field [1-5]. Initial concerns centred on released amines (depending 
on their chemical structure) and whether they could form nitrosamines within the atmosphere or the 
biosphere. This will be more problematic at higher latitudes (particularly northern winters) when direct 
sunlight is weak or absent for prolonged periods, and other factors slow natural photolysis rates, leading 
to the accumulation of (biospheric) nitrosamine. Now, focus is turning to entrained droplets and their 
chemical composition, and whether this reflects the composition of the bulk solvent as it ages.  
In this article, we discuss nitrosamine formation mechanisms and the factors which have the greatest 
influence on their rates under PCC conditions. We also consider a range of mitigation strategies and their 
relative merits. 
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Figure 1. (top): MRM-chromatogram obtained for screened components of aqueous 30 % wt MEA after several 
weeks of degradation. Bis-HEU -bis(2-hydroxyethyl)urea; Oxaz. = oxazolidinones; DEA = diethanolamine; 
bis- -bis(2-hydroxyethyl)oxamide; HEI = N-(2-hydroxyethyl)imidazole; AEEA = N-(2-
aminoethyl)ethanolamine. (bottom): Chromatogram of other significant degradation components from the same 
sample. Only a few of the peaks in this Figure can be confidently assigned. The DEA signal is swamped by the signal 
for N-(2-hydroxyethyl)-2-[(2-hydroxyethyl)amino]acetamide (M/z 163), which is one of the major degradation 
species identified in aged solution from the Trona MEA plant [1]. 
Nitrosamines: properties 
Stable nitrosamines are derived from secondary amines via reaction with an oxide of nitrogen. The 
nitrogen atom of the secondary amine must be tri-coordinated (i.e. de-protonated) for the nitrosation 
reaction to take place. Nitrosamines possess the functional group N N=O, and have been identified as a 
class of compounds which can cause cancer [6]. Nitroamines are another class of molecule suspected to 
be a PCC process by-product, although there is only one report of a nitroamine (cyclo-HNC4H8N-NO2 or 
1-nitropiperazine) in PCC solutions [7]. Nitroamines possess an N-NO2 group, and are stable for both 
primary and secondary amines. Oxidation of nitrosamines is not believed to produce nitroamines [8]. 
Some physical properties determined experimentally and using QSAR are presented in Table 1. 
 
Table 1. Properties of amines and their nitrosamines derivatives derived from experiment and QSAR. 
Molecule CAS No. Mol. Wt (g) B.P. (°C) Pvap (25 °C, Pa)* kH (103 Pa.m3/mol, 25 °C)* 
MOR 110-91-8 87.12 128 1350-1860 118-127 
DMA 124-40-3 45.08 6.8-16.1 184000-197000 1790-4568 
DEA 109-89-7 73.14 55.50 31000-34300 2580-5267 
PZ 110-85-0 86.14 146 95-134 8.177 
DELA 111-42-2 105.14 231-268 0.07-2.27 0.0039-0.0076 
NMOR 59-89-2 116.12 225 17.8-20.1 2.48-8.43 
NDMA 62-75-9 74.08 154 573 103.5 
NDEA 55-18-5 102.14 176.9 186-221 368 
NPZ 5632-47-3 115.14 258.57 2.05-2.11 0.317 
NDELA 1116-54-7 134.14 322.6 0.00035-0.0414 0.0000832 
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Nitrosamines: properties and relevant solution formation mechanisms 
In low pH solutions (pH < pKa [HONO] = 3.40), protonated nitrous acid can decompose to yield NO+ 
which leads to nitrosamine formation according to [9]: 
 
HONO + H+  [H2ONO+]*  H2O + NO+ 
 
NO+ + R1R2NH  R1R2NNO + H+ 
 
 showed that these reactions are faster in aprotic solvents [8-11], and 
because CO2 capture in aqueous amine solvents occurs at high pH, this pathway is unlikely to be 
important. However, nitrosamines could still form during PCC operations in nitrite-laden waste (water) 
streams containing sec-amine, particularly if the water becomes acidified. 
It is also well established that nitrosation rates are largely independent of amine pKa [8-11]. Nitrite 
(NO2 ) and NO alone are poor nitrosating reagents; NO can only form nitrosamines in the presence of 
oxygen and/or metal ions [9-11]. In contrast, gaseous oxides of nitrogen, presumably NO2, N2O3 and 
N2O4, were found to rapidly nitrosate secondary amines in non-aqueous solutions [9]. In aqueous 
solution, hydrolysis of the gaseous oligomeric oxides competes with amine nitrosation, so nitrosamine 
formation is not quite as rapid, but N2O3 and N2O4 are still far more effective than either NO2  or NO. 
Amine surface activity will play a role in determining the rapidity of reaction with gaseous nitrogen 
oxides. The following equilibrium constants have been determined for the two most abundant gaseous 
nitrogen oxide oligomers [12]: 
KN2O4 = [NO2]
2/[N2O4] = 0.15 atm 
 
KN2O3 = [NO2][NO]/[N2O3] = 2.42 atm 
 
In solution, the equilibrium significantly favours the oligomers [12]. The hydrolysis of two isoforms of 
the N2O3 oligomer are depicted in Figure 2. The two isoforms differ geometrically and electronically, and 
it is expected that isoform 1 will predominate if N2O3(g) is produced by the association of NO2(g) and 
NO(g) radicals, followed by third body stabilisation. The formal oxidation states of the nitrogen centres 
are given beneath each isoform, and the term electronic reorganisation  is used to denote a potential 
barrier. On the basis of this information alone, isoform 1 probably reacts with water to produce nitrate and 
HNO (nitroxyl), whereas isoform 2 probably hydrolyses to nitrite only. Since [NO] >> [NO2] in typical 
flue gas NOx [13], [N2O4] will be too low to be important.  
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Figure 2. N2O3 hydrolysis versus nitrosation/nitration. 
 
A number of other nitrogen oxides have the potential to react with secondary amines to form nitrosamines 
(e.g. HNO, ONOOH/ONOO  and O2NOOH/O2NOO  [14-20]). At neutral (physiological) pH, Goldstein 
and Czapski [21] derived a rate law for the nitrosation of thiols and morpholine in oxygenated solution, 
which was independent of the substrate being nitrosated, and closely resembles the rate law for oxidation 
of NO to NO2: 
-d[NO]/dt = 4k [NO]2[O2] 
 
This rate law favours a role for ONOOH/ONOO , particularly since peroxynitrite ion is known to react 
rapidly with CO2 to form ONOOCO2 , which in turn possesses a very weak peroxy (O-O) bond (BDE = 
7.5 kcal mol-1 [17]). An aqueous mechanism which accounts for all of the components of the flue gas 
(importantly, the presence of both nitrogen oxides and oxygen) is presented in Figure 3. 
Transnitrosation as a mechanism is noteworthy, but will only be important at relatively high nitrosamine 
concentrations. It is more common in the presence of S-nitrosothiols [22], which are unlikely to be 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Solution mechanism for nitrosamine formation in PCC solvents. 
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encountered in PCC solutions. Finally, disproportionation of tertiary amines induced by the electrophilic 
attack of NO+ could be responsible for the high levels of nitrosamines detected in aged MDEA liquors 
exposed to NOx-containing synthetic flue gas [23]:  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Ion-induced disproportionation of tertiary amines to produce nitrosamines. 
 
 
Mitigation strategies for nitrosamines 
Three mitigation strategies are available for reducing or removing nitrosamines from a PCC process: 
 
(i) preventing their formation by either removing or limiting a reaction catalyst, or by removing 
one of the important reactants e.g. upstream removal of oxygen or NOx (via SCR) from the 
flue gas, or radical scavenging using a specific additive e.g. ascorbate, 
(ii) capture and removal of nitrosamines from the liquor before significant accumulation takes 
place; capture and removal of nitrosamines from plant exit (off) gases e.g. water-wash section 
(iii) in-situ nitrosamine destruction e.g. combustion, photolysis   
 
 
 
Selective catalytic reduction of nitrogen oxides is an established technology used for pollution control. 
The reduction process involves ammonia injection into the NOx-containing gas stream, which is then 
passed over a catalyst at temperature to effect conversion to water and molecular nitrogen. The process 
can be very efficient (99 % NOx removal), but also costly, and if implementation of SCR was 
unavoidable, PCC would become a less attractive proposition for GHG-mitigation purposes.  This would 
also be the case if a wash section (e.g. Brownian demister) was needed to trap volatile pollutants such as 
N-nitrosodimethylamine (NDMA). 
Pre-concentration or selective removal of nitrosamines from the bulk solvent inventory is an attractive 
option, however nitrosamine selectivity will be problematic: both nitrosamines and amines (the matrix) 
are hydrophilic, see Table 2, and both usually have moderate-high boiling points, see Table 1. 
Nitroamines, if problematic, may be separable using liquid-liquid extraction technology, but studies 
suggest [9,11-12] that N2O4 is responsible for the formation of nitroamines. N2O4 will only be present in 
small amounts in combustion flue gases if [NO] >> [NO2] - unless N2O3 is easily oxidised - so 
nitroamines are probably more important from an atmospheric chemistry perspective. If nitrosamines can 
be selectively removed from the liquid phase, disposal via combustion would be an attractive option. 
O+N + R1
R
R2
N
O N
R2
R1
R
N
+ OH2
RR1NNO + R2OH + H
+
RR 2NNO + R1OH + H
+
R1R2NNO + ROH + H
+
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Gas phase pre-concentration of nitrosamines using a suitable absorption method appears to be a viable 
option, given electrostatic precipitators and filter bags are routinely used to remove particulates from the 
flue gas stream. The nitrosamines will be present in the gaseous state or in aerosol particles, and the 
capture amine is likely to be dilute. The sorbent material could be regenerated and the trapped materials 
destroyed in a tailored high temperature process. 
Inhibition of nitrosamine formation using a chemical additive such as a free-radical scavenger (e.g. 
ascorbate) is likely to be effective until the scavenger supply is exhausted. The difficulties associated with 
the application of additives to inhibit amine oxidation have been discussed by Bedell [24], who concluded 
[oxidation inhibitor]  [amine] for chemical inhibition to be effective, mainly because of the abundance 
of strong oxidisers which react upon first encounter with the capture amines (oxidation is caused by short-
lived radicals). Some degree of amine oxidation will need to be tolerated during CO2 capture from flue 
gas. Since sec-amines are often by-products of primary amine decomposition during capture i.e. [sec-
amine] < < [capture amine], and the species responsible for nitrosation are probably in low abundance 
with respect to amine oxidisers, chemical inhibition of nitrosation may be more effective than chemical 
inhibition of amine oxidation.  Nitrosation may also be a multi-step process, so more than one inhibitor 
could be used to prevent nitrosation. 
 
Table 2. Comparison of log octanol:water partition coefficients for amines and their nitrosamine derivatives. Values 
are by comparison with a database, from Ref. 25. Values are correct if the solute is largely un-ionised, which is true at 
typical capture solvent pH values (solvent pH  amine pKa). With the exception of PZ and NPZ, the nitrosamines and 
parent amines distribute to a similar extent in the two-phase system. 
 
 
 
 
 
 
 
 
 
 
 
 
UV photolysis of nitrosamines as an emission control strategy 
The susceptibility of nitrosamines to ultra-violet radiation is well established [26-29], and contrasts with 
their high thermal stability [2]. The smallest stable nitrosamine, NDMA, can be removed from water on a 
small scale using in-situ UV photolysis, and commercial units are available for this purpose. Advantages 
of the photolysis process include high selectivity (amines do not absorb UV radiation to an appreciable 
extent, so there is no need for pre-concentration) and its universality (can be applied to gas- or condensed-
phases, nitrosamine dissociative absorption bands do not vary greatly so the method is effective for all 
species). Drawbacks include possible low quantum yields, which covers limitations concerning light 
penetration of solvents, the difficulties associated with process implementation (the PCC process is 
chemically harsh), and diversity of nitrosamine by-products which may need to be removed [30]. 
 
Molecule CAS No. Log Kow pKa 
MOR 110-91-8 -0.86 8.36 
NMOR 59-89-2 -0.44  
DMA 124-40-3 -0.38 10.64 
NDMA 62-75-9 -0.57  
PZ 110-85-0 -1.50 9.8 
NPZ 1116-54-7 0.18  
DELA 111-42-2 -1.76 8.9 
NDELA 1116-54-7 -1.33  
PIP 110-89-4 0.84 11.22 
NPIP 100-75-4 0.36  
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Principle of photolytic decomposition 
Two one-electron transitions are observed for nitrosamines in the ultra-violet region: *   (230-250 
nm) and *  n (340-360 nm). Both transitions are to a pi-antibonding orbital centred on the N-N=O 
group. Populating the *-orbital will lengthen both the nitrogen-nitrogen and the nitrogen-oxygen bond, 
making the group more susceptible to either dissociation or reaction. Because the excitation process is 
fast with respect to geometric adjustment (relaxation), absorption of a UV photon deposits the 
nitrosamine molecule onto an open-shell (O.S.) singlet surface in a ro-vibrationally excited state, unless 
there is only a slight geometric difference between the excited and ground states. Whether this electronic 
state is bound or auto-dissociative will depend on the molecular structure of the individual nitrosamine. In 
any case, dissociation can follow if inter-system crossing is facile (O.S. singlet to triplet, T2), and the 
excited nitrosamine relaxes to a triplet state (T0, v = a) which is above, or close to, the dissociation 
asymptote NO + R2N  
 
Dissociation of the nitrosamine may not be the only chemistry observed; hydrolysis of nitrosamine groups 
has been observed in protic solvents after irradiation [26]. 
 
 
Figure 5. Photolysis in the presence of a water molecule. 
 
A diagram of the putative UV photon-induced excitation/dissociation process for gas-phase NDMA is 
given in Figure 6. The relative energies are derived from TD-DFT calculations using an augmented 
McLean-Chandler basis set and the Perdew-Burke-Ernzerhof exchange and correlation functionals. 
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Figure 6. Gas-phase photolysis of NDMA molecule. Energies from TD-DFT calculations (PBE-PBE/6-
311++G(d,p)).
Because the character of the lowest accessible excitations for NDMA all involve excitation of an electron 
to a orbital,* the chemistry subsequent to photo- either UVA or 
UVC light is used. Although there will be differences in the photolysis rates associated with the transition
probabilities ( x-y factors), these will be nitrosamine specific. The incident photon power density (source
irradiance), which is a function of the light source, the distance separating the light source from the target 
and the extent of sample solvation, all need to be considered to determine the best design strategy for the
implementation of this technology.
Photolysis experiments on water samples containing NDELA and NPZ with light batons emitting in the 
UVA and UVC region (see lamp spectral profiles, Figure 7) confirm the theoretical results, i.e. both UV
region effect photolytic decomposition of these nitrosamines in water samples, albeit slowly (see kinetic
plots in Figure 7, top). The decay of nitrosamines in water was monitored using an in-house LC-MRM
methodology, which uses specific ion dissociations to unambiguously measure and quantify ions of 
NDELA and NPZ. Efforts are currently underway to enhance photolysis rates in solution.
Additional experiments were undertaken to examine the possibility of creating (instead of destroying)
nitrosamines by photolysing solutions of the parent amine in the presence of nitrate (NO3 ) ions. Using
LC-MRM, no evidence of nitrosamines was found after > 60 hrs of solution photolysis.
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Figure 7. Photolysis of NDELA and NPZ in water samples with different source lamps. 
Conclusions 
Photolysis of PCC amine solvent inventories and various waste streams is the most promising selective 
method for removing undesirable pollutants before they enter the biosphere. The method is not 
destructive towards the solvent, and the presence of nitrate ions in the irradiated solvent does not lead to 
the formation of adventitious nitrosamines. It is applicable to the full suite of nitrosamine toxicants, but 
section (quantum efficiency). Several challenges need to be overcome before implementation of this 
technology at large scale, but it is unlikely that these challenges would hold up the roll-out of PCC for 
GHG mitigation. 
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